Fifty-nine haemodynamic studies were performed in 21 patients with chronic renal failure, usually on a day following at least 6 hours of haemodialysis. A miniature polyethylene tubing was "floated" into the right ventricle under manometric guidance without X-ray control. Indocyanine green was injected into the right ventricle for cardiac output estimations. Cardiac index, stroke volume, total peripheral resistance and mean arterial pressure were all found to be high. The total blood volume measured with 138 I isotope was not significantly expanded. Three patients with acute pulmonary oedema had normal central venous and right atrial pressures, showing that pulmonary capillary permeability is probably the principal factor in the padiogenesis of the "uraemic lung", and that in these circumstances monitoring of central venous pressure is not reliable in warning the physician of impending pulmonary oedema. For this purpose it was useful to measure blood volume and right ventricular pressure.
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Little information is available from die literature concerning the alterations in cardiovascular function present in patients suffering from chronic renal failure. Although Etsten, Reynolds and Ii (1955) were among the first to use it, Bradley (1964) should be credited for introducing and popularizing the miniature catheter technique which has made possible investigation of cardiovascular function in patients who might be considered too ill for investigation by conventional technique. The miniature catheter technique has only recently found acceptance in America where Scheinman, Abbott and Rapaport (1969) were the first to use it in patients who were unsuitable for conventional cardiac catheterization.
There is considerable evidence of a hyperkinetic circulatory response to chronic anaemia (Duke and Abelmann, 1969) . However, in chronic uraemia a reversal of the high output state has been described by Del Greco and associates (1969) , in spite of the presence of a mean haematocrit less dian 25 per cent in their cases. The veins of the extremities in general and those of the arms in particular are often thrombosed as the result of repeated use in patients with chronic renal failure maintained on haemodialysis. It seemed to us that these veins cannot be used without recirculation occurring earlier on die dilution curve, and that this might account for the unexpected finding of Del Greco and associates (1969) . Since the injected particles of the indicator will traverse padiways along partially thrombosed arm veins, different linear velocities will require varying amounts of time to reach die sampling site. For these reasons we decided to use a miniature cardiac cadieter to inject the indicator into the right ventricle and to sample die blood for cardiac output estimation from a brachial artery in our patients with chronic renal failure. DeFazio and associates (1959) have previously studied the circulatory changes in acute glomerulonephritis and found die expected increase in cardiac output associated with high ventricular filling pressures. Studies of die circulation in chronic renal failure have been conflicting. Hampers and Shupak (1967) found an increased cardiac output but their measurements were made in only three patients and, like Del Greco and associates (1969), they did not use a cardiac catheter.
This paper was designed to report the unique circulatory features of our patients maintained on intermittent haemodialysis for chronic uraemia. Their unsuitable arm veins were avoided by use of the miniature catheter technique and, because X-ray control was not necessary, it was possible to study all our chronically uraemic patients repeatedly and accurately.
METHODS AND MATERIAL
From die regional kidney centre in the Department of Urology at Roswell Park Memorial Institute all the patients with chronic renal failure maintained on periodic haemodialysis during 1969 were included in this study (table I) . Although all had been uraemic at some time with the blood urea nitrogen in excess of 125 mg/100 ml, we elected to perform die studies in the azotaemic blood urea nitrogen range of between 75 and 125 mg/100 ml. This was achieved in every case by selection of a day for study following any day on which the patient was haemodialyzed for a period of at least 6 hours. 9  10  11  12  13   14  35  16  17  18  19  20  21   39  32  60  28  32  27  19  41  42  61  20  44   61  36  32  61  32  27  40 Kolff, Watschinger and Vertes (1956) . The Ultra-flo 100 dialyzer was used when high solute clearance and moderate ultrafiltration was desired. The small priming volume consisted of normal saline. In those patients who had X-ray evidence of interstitial oedema die Ultra-flo 145 dialyzer and bed-balance was used to remove about 2 kg of oedema fluid (4.4 lb.) per 6-hour dialysis. This larger coil was primed with 500 ml of heparinized normal saline.
Radiopaque polyethylene tubing, which was 1.65 mm in external diameter (RPXO45-H Hanafee Tubing*) and 90 cm long, was introduced percutaneously into the right ventricle and sometimes the pulmonary artery. This was done widi no more discomfort or damage to the patient than diat which followed the venepuncture, which was routinely performed through skin previously rendered analgesic widi lignocaine 1 per cent. At first the subdavian vein was entered percutaneously via die infra-or supraclavicular approach described by Aubaniac (1952) . In view of tie many reported complications of subdavian venepuncture (see Defalque, 1968) , die last ten studies were carried out by consecutivdy successful percutaneous entries into the right internal jugular vein in the hands of one of us (J.W.M.). This was done by producing a depression widi die middle and index fingers of die left hand between die common carotid artery and tie main belly of the sternomastoid muscle, and entering die vein about midway between the insertions of die stemomastoid muscle while aiming the needle shaft at die ipsilateral nipple. Only half die patients (5) complained of tenderness over die puncture postoperativdy. The brachial artery was routindy cannulated, and here local analgesia was used sparingly so as to avoid masking of die artery. A No. 18 nylon cadieter was direaded around the introducing needle and advanced up die artery for about 3 cm.
Blood volume was measured widi
135 I RISA and die Volemetron computer. Twenty ml blood samples were taken from 10 patients before and exacdy 10 minutes after administration of the indicator. Whole blood was used in the counting chambers to measure the blood volume in the standard way. The Volemetron was then reset to the amount of tracer administered which had been recorded in the memory circuit of the instrument. In this way plasma obtained by centrifuging the blood sample was used in the device to determine plasma volume, and the whole blood volume was then estimated with the formula BV = (PV/1-LVH) which was derived from the more familiar expression
where BV = blood volume PV=plasma volume and LVH=large vessel haematocrit.
We also used a formula designed by Williams (1966) to correct for the known discrepancy between large-vessel and microcirculation haematocrits as well as trapped plasma as follows:
where BV t =true blood volume BV P = blood volume measured by radioiodinated albumin LVH=large vessel haematocrit corrected for plasma trapping (observed haematocrit x 0.96).
Cardiac output was measured by a dye-dilution technique with indocyanine green as an indicator. Indocyanine green 3.75 mg was rapidly flushed into the cavity of the right ventricle. Arterial blood flowed at constant rate (11.4 ml/min) through the cuvette of a densitometer (Gilson Model DTL). Dye curves were individually calibrated using 6.25 jug/ml concentrations of dye. The electrical output of the densitometer-amplifier was applied to the input of a Lexington Model COC computer, which computed the cardiac output The details of the method are given by Hamilton and co-workers (1932) and Sinclair, Duff and McLean (1965) .
Appropriate correction for deadspace of the arterial catheter and cuvette was applied. Mean transit time was difficult to measure accurately and central blood volume was not calculated. The electrocardiogram was used for obtaining heart rate, and the total peripheral resistance and left ventricular work were derived from nomograms based on standard formulae (see Mostert, Moore and Murphy, 1969) .
Blood-gas analysis was carried out within 20 minutes of sampling using Radiometer equipment, which included a Radiometer oxygen saturation meter type OSM 1. The oxygen electrode was calibrated with sodium sulphite in borax for zero and aerated water at 37 °C for the oxygen tension of air after allowance was made for the actual barometric pressure and humidity. The pH electrode was calibrated with two commercial buffers and the Severinghaus carbon dioxide electrode with two concentrations of carbon dioxide analyzed by the Scholander microanalytical method. Tonometry with calibration to the two known concentrations of carbon dioxide was carried out for the estimation of the base excess.
The distance from the site of venepuncture to the right atrium was ascertained by holding the catheter first over the patient along the route it was to follow and then over a measuring stick. Care was exercised not to float the catheter further than about 1 cm distal to the tricuspid valve so as to avoid coiling up inside a dilated cardiac chamber or its tributaries.
The reference point regarded as zero was the horizontal level of the right atrium. It was ascertained at 5 cm dorsal from the angle of Louis with a water level which was long enough to reach from the patient's chest to the arterial pressure transducer. The strain gauges were of the Statham range. An arterial gauge was used to measure airway pressure during the performance of the Valsalva manoeuvre. During each of the 59 studies undertaken in the 21 patients they were asked to blow a column of mercury under direct vision to 40 mm Hg for 10 seconds. During 27 studies the patients could not achieve this and their results were discarded. For comparative purposes the Valsalva manoeuvre was similarly used in 7 patients with cancer of the lung but without diseased kidneys.
Arterial, right ventricular and airway pressures, and the electrocardiogram were recorded on a sixchannel Sanborn recorder (Hewlett-Packard).
The significance of the results was determined using the t test and the method of paired differences as described by Dixon and Massey (1957) .
RESULTS
Radiological evidence of pulmonary oedema was found in 15 of the 21 patients during at least one of the studies ( fig. 1 ). Tables II-V,* albeit by necessity incomplete, summarize the haemodynamic and biochemical data, and the results obtained in response to performance of the Valsalva manoeuvre.
It can be seen (table II) that die mean cardiac output, and the right heart and arterial pressures were high, and that the total peripheral resistance was only slighdy increased. The heart rates were not abnormal.
Widi only a few exceptions a metabolic acidosis accompanied by respiratory alkalosis was commonly found. Table HI also shows an increased arteriovenous oxygen content difference and the remarkable finding of base excess zero or neptive in every case.
The average time required for die indocyanine green to travel from die right ventricle to the densitometer was remarkably short (7.7 seconds). Table IV shows diat the blocked arterial response to the Valsalva manoeuvre (see Greene and Bunnell, 1950) was the rule and that the pulse pressure was abnormally maintained during the * Copies of the complete data can be obtained by application to J.W.M.
fc • :
FIG. 1 X-ray showing the characteristic butterfly distribution of acute interstitial pulmonary oedema of chronic uratmia. Male patient aged 41, after five 6-hour dialyses; blood urea nitrogen 100 mg/100 ml. period of the strain. Figure 2 shows that there was a negative correlation coefficient of 0.21 between the pulse-pressure and stroke volume index in 44 of these studies. There was a statistically significant widening of pulse pressure during phase 2 and phase 3 of the Valsalva manoeuvre, and this is the subjea of a further study to be published later. There was not an expanded volume (table V) as judged from the ideal blood volumes derived with the help of a nomogram based on the formulae of Nadler, Hidalgo and Bloch (1962) , and published by Mostert and co-workers (1968) .
When the polyethylene catheter was floated into the right ventricle no untoward effects were noted, except occasional premature ventricular contractions, and these spontaneously disappeared in all cases. An attempt was usually made to advance the catheter beyond the pulmonary valve and this was accomplished in 32 of the 54 studies. Figure 3A shows an early stage of possible knotting occurring near die tip of the soft polyethylene catheter. Figure 3B shows the end result. Figure 4 shows a square-wave arterial response indicative of heart failure (see Cudkowicz, 1968) in 4 patients at the time of 6 studies. In each instance this square wave response was accompanied by X-ray evidence of acute pulmonary oedema as well as an expanded blood volume. Figure 5 and figure 6 show the characteristic "intermediate" arterial response to Valsalva's manoeuvre before and after droperidol in the same chronically uraemic patient Table IV shows that although the 7 patients with cancer of the lung also had abnormal responses to the Valsalva manoeuvre, the patients with chronic renal failure had a significantly reduced
TABLE VI
Results of blood volume estimation in 10 patients with chronic renal failure using whole blood as well as plasma for counting and corrected as indicated. Multiple knots in miniature cardiac catheter after it was allowed to curl up in the cavity of the right atrium where the movement of the heart spontaneously initiated the formation of the knots. The attenuated portion just proximal to the knots illustrates the force that had to be overcome to pull the knots free of the vascular system. 
Blood volumes determined by
Classification and method A Blood volume using whole blood sample not corrected for WBH* and trapped plasma pulse-pressure constriction and hence significantly more cardiac failure (see Cudkowicz, 1968) .
There was, on the average, a slight tachycardia on release of the strain, and, as figures 4, 5 and 6 and table IV show, no diastoUc hypertension followed Valsalva's manoeuvre in these patients. One month after bilateral nephrectomy in 7 patients the arterial pressure was significandy reduced (P<0.05) but at this time the cardiac output was unchanged. Table VI shows the results obtained by counting the same specimen of blood in 10 cases, first in the form of whole blood, and then as its centrifuged plasma by utilizing a memory circuit which stored the amount of radioactivity of the administered tracer until both whole blood and plasma could be counted in the Volemetron.
It can be seen that there was a mean expansion of blood volume by 200 ml over the predicted value in these 10 cases, although this was not statistically significant Table VII shows that the data which we collected during this time on 50 unselected surgical patients without heart disease were not different; counting whole blood and repeating the counting of radioactivity by placing plasma in the counting wells gave the same results in both the patients with renal failure as well as the general surgical patients widiout severe anaemia.
In 3 chronically uraemic patients acute interstitial pulmonary oedema was diagnosed on the basis of dyspnoea, orthopnoea and mental distress, and X-ray patterns of perihilar and interstitial oedema. Table VHI shows that the right atrial pressure was normal in all three, and that only cases 2 and 3 had pulmonary arterial hypertension, whereas cases 1 and 3 had significantly expanded blood volume. Miller and Tassistro (1969) define azotaemia as that state, short of symptomatic uraemia, with a blood urea nitrogen between 75 and 125 mg/ 100 ml. All the studies reported in this paper were performed while the blood urea nitrogen was below 125 mg but above 75 mg/100 ml, yet many were symptomatic principally due to severe anaemia and cardiac failure. From this experience follows the first conclusion, namely that "azotaemic" patients are frequently "uraemic" if, by the latter term, symptomatic renal failure is implied in the customary way.
DISCUSSION
In the past, cardiac cadieterization was usually performed on patients with chronic rheumatic and congenital heart disease who were able to tolerate die physical and psychological trauma involved. This often necessitated delays until their cardiovascular status was optimal (Bradley, 1968) . Until recendy patients in shock were considered too ill for formal cardiac cadieterization. The experience of diis paper confirms die finding of Bradley (1964) and Scheinman, Abbott and Rapaport (1969) that a miniature cadieter technique is a useful tool in die hands of all interested in the care of severely ill patients. Cardiac cadieterization is no longer to be regarded as the exclusive province of the cardiologist who has access to a special cadieterization laboratory. On the contrary, die treatment of die critically ill must be based on circulatory measurement best carried out by right heart catheterization at die bedside.
There are, of course, risks inherent in any technique involving invasion of die heart. Severing and knotting of die catheter are the complications peculiar to the use of miniature catheters (Bradley, 1968) . Although a major advantage of die technique is diat radiological control is not required, the use of radiopaque material is mandatory because of die unlikely but possible event diat a broken cadieter might have to be removed. When reliance is placed on cutting and marking of a predetermined length of tubing, as well as continuous electrocardiograpbic and pressure monitoring during gende "floating" so as to avoid coiling in a cardiac chamber or bypassing of the heart unknowingly, then the risk of knotting is practically eliminated.
In our experience percutaneous entry into the internal jugular vein has rendered the procedure of right heart cadieterization materially safer and simpler to perform after very little practice. Accidental puncture of the common carotid artery can be avoided by keeping the bevel of the needle within 3-5 mm of the skin surface and by aiming die needle at the ipsilateral breast. There are no other hazards.
The value of catheterizing die right ventricle resides in the dual information which it supplies. On one hand, the right ventricular systolic pressure is direcdy related to ventricular ejection and, therefore, to the pulmonary artery pressure. On the other hand, the right ventricular diastolic pressure is related to ventricular filling and therefore to right ventricular failure or pericardial effusion with tamponade which are well known to complicate the course of chronic renal failure.
Our results are consistent with those of Gibson (1966) who found normal right a trial pressures in some patients with radiological evidence of acute pulmonary oedema accompanying chronic renal failure, although the mean right heart pressures in our larger study is abnormally high. However, as Gibson (1966) pointed out, these elevated pressures are not high enough to explain the frequent finding of X-ray evidence of acute pulmonary oedema. The present data are also consistent with those of Carruthers and Parsons (1967) who found that the initial central venous pressure reading is of little significance in cases with acute renal dysfunction but that it is the change during sequential or continuous monitoring that is of major importance in following the effects of therapy of acute renal failure. The present study shows that the same can be said of patients with chronic renal failure.
The "floating" catheter technique is easily learned, simple, safe and cheap when compared to standard cardiac catheterization. In patients with cancer of the lungs we have achieved greater reproducibility in the determination of cardiac output by the more central injection of dye into the right ventricle. In patients maintained on haemodialysis, and who have internal shunts periodically induced in the forearms, the technique appears to be an ideal device for obtaining accurate and objective indices of the progress of the disease and the effects of therapy.
Catheterization with 8F Cournard, Lehman, Goodale-Lubin and Rodriguez Alvarez catheters is essential for obtaining "wedge" pulmonary, capillary and, by inference, left atrial pressures. The miniature cardiac catheter is also unsuitable for angiography and for left heart catheterization.
In general the Valsalva manoeuvre is a remarkably safe form of circulatory stress by which to judge the presence and degree of right heart insufficiency (see Scott, Slawson and Taylor, 1969, and Cudkowicz, 1968) . However, the value of the Valsalva manoeuvre is primarily as an aid for assessing the increased sympathetic reflex activity which usually accompanies congestive cardiac failure, and which is recognized by increased total peripheral resistance, as described by Altschule (1949) , as well as elevated heart rate and venous tone as described by Wood, Litter and Wilkins (1956) . This study shows that these signs of increased activity of the sympathetic nervous system are absent in patients with chronic renal failure. It probably also explains our finding of a significantly worse correlation between stroke volume index and pulse pressure than that described in normal man by Hamilton (1962) . Cropp (1969) postulates that, in anaemia, tissue-hypoxia causes vasodilatation of systemic resistance vessels. When anaemia is not severe, baroreceptor reflexes prevent significant reductions in blood pressure and total peripheral resistance by compensatory, neurogenic vasoconstriction. When the anaemia becomes extreme, blood pressure is maintained solely by an increase in cardiac output, which in turn is elevated by decreased vagal inhibition and increased myocardial contractility. Our data are consistent with these concepts and we are currently investigating the force-velocity curves obtained from the right ventricle in an attempt to cast some light on the mysterious way in which the heart increases its output in severe anaemia.
Our comparative data with patients who had pulmonary but no renal disease clearly show the significantly greater impairment of right ventricular integrity in the cases with renal disease as manifested by the intermediate pulse-pressure responses to Valsalva's manoeuvre.
The outstanding features of the circulation in patients with chronic renal failure as ascertained in the present study are depicted diagrammatically in figure 7. It can be seen that the high cardiac output which accompanies severe anaemia dominates the haemodynamic profile of chronic renal failure. It was surprising to find a near-normal blood volume and absence of clinical hepatomegaly, and this is a tribute to the efforts of our patients in matching their input against their cumulative output.
The blood volume as determined by 1S3 I tagging of albumin in our patients with chronic renal failure was not different from that in a much larger general surgical population with cancer (Mostert et al., 1968 One of the classical findings in relation to terminal disease of the kidney is the pressor effect of increase in extracellular fluid volume. It is generally recognized that sodium retention leads to increased circulating blood volume, increased cardiac output and elevated total peripheral resistance and blood pressure (see Page and McCubbin, 1968) . Olmsted and Page (1965) , however, did not find an early change in these values in the dog with renal clip hypertension although this applies to the rat (Floyer and Richardson, 1961; Ledingham and Cohen, 1962) . From this Peart (1967) concludes that these changes are non-essential to the development of hypertension and may be merely coincidental. We therefore explain the finding of mean normal blood volume in our cases by the successful regimen of balanced fluid intake versus output.
Two of our patients with acute pulmonary oedema who had normal right atrial pressures exhibited an expanded blood volume although another patient with X-ray evidence of interstitial oedema of the lungs had a constricted blood volume. In this case pulmonary oedema probably arose during an earlier phase of hypervolaemia and was in the process of resolution after a normal blood volume was restored rapidly. Sharpey-Schafer (1944) and Duke and Abelmann (1969) documented that a constricted or normal total blood volume accompanies severe chronic anaemia, the constricted red cell mass being exactly balanced by a corresponding increase in plasma. There is no reason why the same should not apply in patients with chronic renal failure who manage to balance their input against their output, principally with respect to sodium and water, and particularly following bilateral nephrectomy (see Vertes et al., 1969) . All our patients showed improvement in the X-ray manifestations of acute interstitial pulmonary oedema after restoration of a normal blood volume. An expanded blood volume is, in our experience, the best single sign of circulatory congestion, and it is perhaps the most important single parameter to monitor sequentially when these patients undergo surgical procedures. Every effort should be made to avoid not only hypovolaemia but also hypervolaemia.
The present study as well as simi'lpr observations in 275 patients with advanced cancer (Mostert et aL, 1968) established that good preoperative preparation includes the objective of a normal total blood volume with respect to the ideal predicted values. Harrison (1967 Harrison ( , 1969 showed that this is also true in severe anaemia in pregnancy, and Gibson (1966) showed that pulmonary oedema in chronic renal failure is not due to increased mean right heart pressure, which undoubtedly accompanies chronic uraemia frequently, but that increased capillary permeability is the principal cause of pulmonary oedema in patients with acute and chronic renal failure. One cannot, therefore, depend on increased central venous pressure to warn of impending acute pulmonary oedema during surgery in these patients. Monitoring of blood volume with sequential or persistent monitoring of central venous pressure seem to be necessary while extracellular fluid deficits are being replaced in patients with chronic renal failure. This seems to apply particularly when balanced salt solution is transfused into these patients.
In a study similar to ours Del Greco and associates (1969) found the same degree of anaemia, hypertension and metabolic acidosis, but they could not make a clear separation between the patients with congestive features and the patients without them on the basis of the measured blood volume. Another finding of Del Greco and associates (1969) which is not in accord with present experience is that the mean measured cardiac output in 68 of their cases did not differ significantly from the normal predicted mean. Del Greco and associates (1969) used an external counting technique following the rapid intravenous injection of 20 microcuries of RISA for measurement of cardiac output and blood volume, and we question the accuracy of this technique after its unsuccessful trial in this Institute.
Finally, we are impressed by the frequency with which acute interstitial pulmonary oedema was found at radiographic examination at a time when no adventitious sounds could be heard over the lungs, and at a time when the patients often did not appear to be orthopnoeic. However, in each of these instances we were able to demonstrate an expanded blood volume. Alwall (1963) used the term "fluid-retention lung" although few studies on the body's fluid spaces in pulmonary oedema accompanying chronic renal failure have been reported. Altschule (1954) stated that the increase in extracellular fluid in acute nephritis results in a tendency to pulmonary oedema because, except for the skin, the lung is the organ that is richest in collagen tissue in which extracellular fluid accumulates.
Although cardiac catheterization has not been carried out in patients with chronic renal failure, De Fazio and associates (1959) using this technique noted a markedly increased cardiac output in acute glomerulonephritis, raised pressure in the pulmonary artery and the lung capillaries, but only a slightly raised pressure in the right atrium. Apparently the same can be said of patients with chronic renal failure on maintenance haemodialysis.
